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Abstract 
Risk assessment and feasibility studies based on numerical simulations are essential for a 
realisation of large scale carbon capture and storage projects. The numerical simulation of CO2 
storage in deep saline aquifers, which is focused on in this study, is very demanding with respect 
to computational costs. During CO2 injection it is important to observe the pressure increase 
since it might result in caprock failure, reduction of storage capacity or brine displacement. For 
many reservoir parameters like e.g. the permeability only few information exists. More over the 
geological structure of the reservoir, e.g. the size and distribution of high permeable sand 
channels is often not known in detail. To deal with the resulting uncertainties the integrative 
probabilistic collocation method is applied to a channel system scenario. The influence of the 
dimension of the high permeable channel and the permeability on the pressure evolution is 
investigated in detail. Additionally, the maximum allowable injection rate is predicted with the 
method.    
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1. Motivation 
CO2 storage in saline aquifers is recently intensively investigated as one option to reduce greenhouse gas emissions. 
One challenging task concerning this issue is the development of methods for assessing the risks during CO2 
injection and the post-injection phase. CO2 leakage and brine displacement and infiltration into higher (drinking 
water) aquifers far away from the injection site are the major risks, which need to be considered and minimized 
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during CO2 storage. The major problem for performing risk assessment is the uncertainty in many reservoir 
parameters like permeability, porosity, heterogeneity, since there is often only few information available for these 
parameters. To cover all these uncertainties numerous Monte Carlo simulations would be required, which is very 
time consuming and causes high computational cost. Kopp et al. [1] already presented a risk assessment method for 
a leakage scenario, where a limited number of most relevant parameters was used and risk was estimated by 
considering their range of variability. To reduce the computational cost we use a massive stochastic model reduction 
based on the integrative probabilistic collocation method, which was developed for CO2 storage by Oladyshkin et al. 
[2]. The idea behind this method is simply to replace the full model by a response surface that is able to represent 
the model output (e.g. leakage, pressure) dependent on the chosen uncertain and design parameters. The method is 
tested here on a simplified example for assessing the pressure increase depending on different uncertain parameters.  
The pressure increase is important to consider since too large pressures might lead to caprock failure near the 
injection well, which might result in new leakage pathways. Far away from injection, the pressure increase also has 
to be taken into account because it might influence the pressure in other storage reservoirs and might reduce the 
overall storage capacity. Additionally, brine displacement due to pressure increase has to be investigated since 
infiltration into higher (drinking) water aquifers need to be avoided. In this scenario it is focused on the influence of 
the structure of the reservoir therefore the permeability and the dimension of a high permeable sand channel are 
varied.  
 
2. Integrative Probabilistic Collocation Method 
The integrative probabilistic collocation method (IPCM) is described in detail in Oladyshkin et al. [2]. Here we will 
only present the three main steps. The overall basis of this method is the stochastic response surface approach, 
which consists of (1) the expression of the uncertain input variables as standard distributed random variables, (2) the 
formulation of a polynomial chaos expansion for the output variables and (3) the determination of the coefficients in 
the expansion (see Isukapelli  [3]).  In this work, we use the polynomial chaos expansion with Hermite polynomials 
as a basis. To determine the unknown coefficients (step 3) we apply the probabilistic collocation method. The 
resulting surface is called integrative response surface, which contains all design and uncertain parameters.  
As already mentioned, normally distributed variables are needed for the chosen method. However the uncertain 
parameters as the permeability or the channel dimensions are not normally distributed since no negative values 
occur. The construction of a reliable probability density function of the uncertain parameters can be performed with 
the help of even little information, e.g. bore hole information about the permeability. For the method, the physical 
distribution (e.g. lognormal for the permeability) has to be transformed to normal space.  
In the second step, the output can be represented by the polynomial chaos expansion (Wiener [4]). The model output 
Ω depending on the input parameters ω can be represented by the expansion as: 
 
 
 
                                                                                   
                                                                                 (1) 
The coefficients cj quantify the dependence of the model output Ω on the input parameters ω. The function Ψj is a 
simplified notation of the multi-variate orthogonal polynomial basis for ω. The formulas are presented in 
Oladyshkin et al. [2]. The CO2 storage problem is solved at each grid point in space and time, therefore the 
polynomial form depends on the three spacial dimensions and the time. The number of terms P, which have to be 
solved, depends on the number of uncertain input parameters N and the order of the expansion d. We choose the 
second order polynomial expansion due to a compromise between computational time and adequate accuracy (see 
Oladyshkin et al [2]). 
 
 
(2) 
For the third step, different methods can be applied to determine the unknown coefficients. In our case the 
coefficients are obtained by the collocation technique. A set of parameters with the dimension N is called a 
collocation point. The number of required collocation points is the same as the number of terms and unknown 
coefficients P. This means that P model runs are needed for obtaining the unknown coefficients. If the coefficients 
are determined, a set of polynomials for calculating the output as pressure and saturation are available. The optimal 
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choice of collocation points are the roots of the polynomial one degree higher than the order used in the chaos 
expansion. The polynomial surface is exact directly at the collocation points and a polynomial extrapolation or 
interpolation in between. For our multidimensional problem the number of available collocation points is higher 
than the required number for calculating the coefficients. One possibility for choosing the collocation points is a 
totally random selection. In this work, the other option, where the points are selected from the most probable regions 
of the input parameters is used. After the determination of the unknown coefficients a set of polynomials is available 
for post-processing computations. This means that the model output depending on the uncertain and design input 
parameters is projected on one single integrative response surface. The mean values and the variance can also be 
easily computed with the polynomials. For obtaining further statistical parameters, Monte Carlo simulation on the 
polynomials can be performed. For more details see Oladyshkin et al. [2], Isukapelli [3] and Li and Zhang [5]. 
 
3. The Channel Scenario 
In order to investigate the influence of different reservoir structures like e.g. high permeable channels on the 
pressure increase during CO2 injection, the IPCM is applied for modelling a channel scenario. In reservoirs with 
high permeable sand channels CO2 will mainly spread inside these channels. Depending on the dimension and the 
permeability of the channel the pressure increase in the reservoir will change. In the presented scenario no site 
specific data is used, however the scenario can be easily assigned to realistic data, which will be subject of future 
work. Figure 1 shows the model domain with the variable channel enclosed by a larger domain with lower 
permeability. The outer domain beyond the channel has the function to reduce the influence of the boundary 
conditions on the pressure field. For boundary conditions no flow (Neumann) conditions are applied on all sides 
except the back end of the domain. Here constant head boundary conditions (Dirichlet) are set. The CO2 injection 
takes place over the whole height of the permeable channel on the left front edge of the channel (see red cycle in 
Figure 1). This means that the injection area changes with changing channel height and the CO2 will mainly spread 
into the permeable channel. The simulation period is two years of injection. 
 
 
Figure 1: The simulation domain with variable channel 
 
As uncertain parameters, the permeability, the length, the width and the height of the channel are taken since for 
these parameters often only few information exists. Additionally the injection rate is chosen as a design parameter. 
Finally, five variable input parameters (N=5) and the second order of polynoms (d=2) results in 21 terms in chaos 
expansion (eqn. 1) and 21 simulation runs (P=21, see eqn. 2). Figure 2 shows the distributions of the uncertain 
parameters and the feasibility function for the injection rate. Taking the injection rate as a design parameter into 
account can help to investigate how the pressure increase reacts with changing injection rate. Therewith the 
maximum possible injection rate for a given threshold value for maximum allowable pressure increase at the 
caprock can be easily estimated. To construct the response surface the model should be evaluated 21 times with 21 
different parameter sets. For the simulation we use Dumux, a multiphase-multicomponent simulator for flow in 
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porous media (Flemisch et al. [6], http://www.dumux.de). A two phase (2p) model, which does not account for 
compositional effects, is chosen. Compositional effects are neglected here, since we mainly focus on the pressure 
increase during the injection period and not on the long term plume behavior. However, the pressure peak is slightly 
overestimated using a 2p model without compositional effects, thus the assessment is conservative.  
 
 
Figure 2: Distributions of the uncertain parameters and feasibility function for the injection rate 
 
4. Results 
In this section different possible evaluation methods are shown for a demonstration of the method and an 
investigation of the influence of uncertain and design parameters on the pressure increase. For evaluation, two 
interesting points of the domain are chosen for measuring the pressure. One is located directly at the injection well 
and the second one is located in a distance of 350 m to the injection well (along the length of the channel). At both 
locations the pressure is measured in the overlying caprock (2 m above the channel) since the pressure in the 
caprock is most interesting for risk assessment as it was discussed in Section 1. In Figure 3, the mean pressure 
increase obtained with the IPCM, during two years of injection at the two measurement locations is shown. At the 
beginning of the injection the pressure increases strongly. After 100 days only a slightly further increase occurs.  
When injection starts the relative permeability is very small, therefore a high resistance results in high pressure 
peaks. With increasing saturation the relative permeability and thus the resistance is decreasing. 
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Figure 3: Mean pressure increase at two different locations in the caprock 
 
Interesting to see, is how the pressure signal is affected by changing uncertain parameters. With this method the 
dependencies can be easily presented. Figure 4 shows the response surface in 3 dimensions, which is obtained by 
varying the injection rate and the permeability. For the dimensions of the channel mean values are constructed using 
1000 Monte Carlo simulation on the obtained polynomials. This surface easily shows that a higher permeability 
decreases the pressure due to lower resistance and a higher injection rate increases the pressure. For a more detailed 
analysis the dependence on the injection rate is plotted as a 2D curve (see Figure 5). Now the permeability is also set 
to the mean value. For increasing injection rate one would expect a linear increase of the pressure. However the non 
linear slope in Figure 5 results from the compressibility of the fluid phases. With changing pressure the volume also 
changes, therefore the pressure injection rate curve shows a slightly nonlinear run.  
 
 
Figure 4: Influence of permeability and injection rate   Figure 5: Influence of the Injection rate at injection 
on the pressure at injection 
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Figure 6: Influence of the channel length: a) at injection and b) in 350 m distance from injection along the channel 
  
Figure 7: Influence of the channel height: a) at injection and b) in 350 m distance from injection along the channel 
 
The figures 6 and 7 show how the pressure is increased with variable channel dimensions at the two measurement 
locations. In each figure one dimension (length or height) is variable and for the remaining input parameters the 
mean values are set. Obviously, the pressure increase falls with larger dimensions since a larger high permeable 
region with less resistance for the CO2 exists. As already shown in Figure 3 the pressure increase is lower with 
proceeding time. In overall comparison, the pressure increase 350 m away from injection is up to 20 bar lower than 
at the injection well. The dependence of pressure on the channel width is not shown since it shows a similar run as 
the dependence on the channel length. 
An interesting point is the horizontal run of the pressure curve with channel length larger than 1800 m (see Figure 
6a). This means that in this case study, the pressure at the injection well does not further decrease with larger 
channel length than 1800 m. The pressure gradient at the end of the channel is very small when long channels are 
considered. One reason is that the ratio of compression and displacement becomes smaller with longer channels. A 
change in the channel length higher than 1800 m results only in very small pressure changes. This change has no 
influence on the injection well pressure due to the small value and the long distance from injection.  
Another interesting point is the difference in pressure increase with time between channels with smaller and higher 
height (see Figure 7a and Figure 8). In a thinner channel the same amount of CO2 is injected into a smaller volume 
(see Section 3). So, the pressure peak at the beginning of injection is much higher. The CO2 front moves faster 
through channels with smaller height. Due to the long distance between the front and the injection well and the low 
pressure at the front in comparison with the high injection pressure, a further pressure increase at the front does not 
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influence the injection pressure. The presented curves demonstrate the strong influence of changes in the storage site 
structure (here the channel dimensions) in the domain.  
 
Figure 8: Section along the channel, with three different channel heights (H) and mean values for the remaining 
parameters  
 
Figure 9: Cumulative distribution function for pressure at injection (initial pressure: 113 bar) 
 
Another powerful tool, which can be provided by IPCM, is the cumulative distribution function (CDF). For the 
determination of CDFs Monte Carlo has to be performed on the generated polynomials. One possible assessment of 
CDFs is exemplary shown in Figure 9. For CO2 injection one critical parameter is the maximum possible pressure in 
the caprock. This threshold value is determined in a way that any damage of the caprock is avoided. In this fictive 
scenario a caprock threshold value of 60 bar is chosen. CDFs with three different injection rates are performed. For 
all other uncertain parameters, the mean values determined from Monte Carlo on the polynomials are taken. The 
significance level is 5%, which means that the overpressure is accepted if it is below the threshold value with a 
probability of 95%. The threshold value of 60 bar overpressure is only not exceeded with a probability of 95% by 
the case with the smallest injection rate (0.15kg/s). If higher injection rates are applied this is not further warranted. 
With this method the maximum allowable injection rate can be easily accessed by using CDFs. Thus, probabilistic 
informed prediction can be performed, i.e. robust design.  
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5. Summary and Outlook 
In this work, detailed analyses on the pressure evolution in a channel system with low computational cost are 
demonstrated. Several powerful tools for investigations of the influence of different uncertain and design parameters 
on the pressure increase are performed. The shown channel scenario clearly demonstrates how the structure of the 
storage site strongly influences the pressure increase in the domain. Several characteristic behaviours and their 
visibility in the results of the probabilistic collocation method were discussed and a method to determine the 
maximum allowable injection rate was presented.  
In the future this method is planned to be applied to much larger and more realistic CO2 storage sites for assessing 
the different risks during injection and in post-injection phase. For risk assessment of pressure increase and brine 
displacement far away from injection, large domains and long time periods must be considered (Birkholzer & Zhou 
[7] and Schäfer et al. [8]). In order to deal with these large domains and long simulation times, the idea is to further 
reduce the computational cost by model coupling in time and space (Darcis et al. [9] and Darcis et al. [10]). 
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